Abstract Energetic particle precipitation (EPP) and ion chemistry affect the neutral composition of the polar middle atmosphere. For example, production of odd nitrogen and odd hydrogen during strong events can decrease ozone by tens of percent. However, the standard ion chemistry parameterization used in atmospheric models neglects the effects on some important species, such as nitric acid. We present WACCM-D, a variant of the Whole Atmosphere Community Climate Model, which includes a set of lower ionosphere (D-region) chemistry: 307 reactions of 20 positive ions and 21 negative ions. We consider realistic ionization scenarios and compare the WACCM-D results to those from the Sodankyl€ a Ion and Neutral Chemistry (SIC), a state-of-the-art 1-D model of the D-region chemistry. We show that WACCM-D produces well the main characteristics of the D-region ionosphere, as well as the overall proportion of important ion groups, in agreement with SIC. Comparison of ion concentrations shows that the WACCM-D bias is typically within 610% or less below 70 km. At 70-90 km, when strong altitude gradients in ionization rates and/or ion concentrations exist, the bias can be larger for some groups but is still within tens of percent. Based on the good agreement overall and the fact that part of the differences are caused by different model setups, WACCM-D provides a state-of-the-art global representation of D-region ion chemistry and is therefore expected to improve EPP modeling considerably. These improvements are demonstrated in a companion paper by Andersson et al.
Introduction
Recent studies of energetic particle precipitation events (EPP) have revealed significant variability in mesospheric ozone on solar cycle time scales [Andersson et al., 2014] , but also the need to improve ion chemistry modeling in the D-region (i.e., altitudes <90 km) ionosphere [Funke et al., 2011] . One of the outstanding problems, identified by the HEPPA-MMI working group (http://heppa.iaa.es, accessed in May, 2015) , is that the observed EPP-caused changes in some important nitrogen and chlorine species cannot be represented in models. For example, HNO 3 increases measured during solar proton events (SPE) cannot be reproduced using the ''standard'' parameterization of HO x (5 H 1 OH 1 HO 2 ) and NO x (5 N 1 NO 1 NO 2 ) production, while models considering D-region ion chemistry in detail agree with the observations [Verronen et al., 2008 [Verronen et al., , 2011 . While the HNO 3 problem can be fixed with an improved parameterization during strong precipitation events [Verronen and Lehmann, 2013] , this parameterization cannot reproduce the longer-term effects of ion chemistry on reactive nitrogen partitioning, ozone, and dynamics of the middle atmosphere [Kvissel et al., 2012] . These issues have led to ion chemistry experiments in global models [Egorova et al., 2011; Krivolutsky et al., 2015] , and prompted us to develop WACCM-D, a variant of the Whole Atmosphere Community Climate Model (for a description of the standard WACCM model, see Marsh et al. [2013] and references therein), which incorporates a set of D-region ion chemistry with the aim to produce the observed EPP effects in the mesosphere and upper stratosphere.
A concern with including the D-region chemistry in 3-D atmospheric models has been the large number of ionic species and their reactions that exist in the lower ionosphere. For example, in an extensive model such as the Sodankyl€ a Ion and Neutral Chemistry (SIC) model , there are over 70 ions and 400 ion-neutral reactions, and over 2000 ion-ion recombination reactions. Such an increase in species and reactions might require too much computing resources and make simulations too slow and thus impractical. Another issue has been the very short chemical lifetime of ions which makes chemical reaction systems stiffer and thus slower to simulate because shorter time steps are required. These issues, in general, remain today. However, as we will show in the following, current computing resources and chemistry solvers are such that neither issue is critical for detailed (i.e., not complete but adequate for EPP) and global ion chemistry modeling.
In this paper, we present WACCM-D, compare its ionospheric results to those from the SIC model, and discuss the differences. We consider selected ionization scenarios from midlatitudes to the polar regions, including the extreme case of the January 2005 solar proton event (SPE) [e.g., Verronen et al., 2006a; Jackman et al., 2011] . In a companion paper (M. E. Andersson et al., WACCM-D-Improved modeling of nitric acid and active chlorine during energetic particle precipitation, submitted to Journal of Geophysical Research, 2016) , the WACCM-D SPE effects on neutral species, such as ozone and nitric acid, are compared to satellite observations.
Sodankyl€ a Ion and Neutral Chemistry Model
The SIC model is a 1-D model designed for ionosphere-neutral atmosphere interaction studies. as background. The altitude range of SIC is from 20 to 150 km, and the chemical time step is 15 min. The model takes into account external forcing due to solar UV and soft X-ray radiation, electron and proton precipitation, and galactic cosmic rays. A detailed description of SIC is given, e.g., by and Turunen et al. [2009] . Note that SIC has been shown to produce well both ionospheric and neutral atmospheric changes observed during EPP events [Verronen et al., , 2006a [Verronen et al., , 2006b [Verronen et al., , 2008 [Verronen et al., , 2011 [Verronen et al., , 2015 .
In the WACCM-D development, SIC has been used as an ion chemistry guide on which the selected set of WACCM-D ion chemistry is based. On the other hand, in this paper, SIC is also used as a reference to assess the quality of the WACCM-D results produced with the reduced ion chemistry. Because the models are very different (a 1-D chemistry model, and a 3-D chemistry-climate model), we restrict ourselves to comparing only the electron and ion concentrations between the models. The comparison to SIC gives very useful information about the quality of the WACCM-D lower ionosphere. However, the model-to-model comparison of detailed ion composition (e.g., concentrations of individual ions) is perhaps not a direct measure of WACCM-D quality, considering that relatively little detailed information is available from observations (to validate SIC). A more significant test of WACCM-D ion chemistry is to compare the modeled, EPP-caused changes in neutral species against satellite observations. This comparison is done in a companion paper (Andersson et al., submitted manuscript, 2016) .
WACCM
The Whole Atmosphere Community Climate Model (WACCM) is a global, 3-D climate model developed by the National Center for Atmospheric Research (NCAR) that spans the range of altitude from Earth's surface to the thermosphere (up to 6310 26 hPa, 140 km) [Marsh et al., 2013, and references therein] . WACCM is an extension of the Community Atmosphere Model that includes fully interactive chemistry, radiation, and dynamics [Neale et al., 2012] . Version 4 with preconfigured specific dynamics scenario (SD-WACCM) has 88 vertical levels and is forced with GEOS5.1 reanalysis data [Reinecker et al., 2008] below 50 km (fully interactive above). Horizontal resolution is 1.98 latitude by 2.58 longitude. The vertical resolution varies from 1.1 km in the troposphere, 1.1-2 km in the stratosphere to 3.5 km in the mesosphere and lower thermosphere. WACCM includes a detailed neutral chemistry model for the atmosphere based on the Model for Ozone and Related Chemical Tracers (MOZART) that represents chemical and physical processes in the troposphere through the lower thermosphere . WACCM contains an ion chemistry model which represents the ionospheric E-region and consists of six constituents (O Porter et al., 1976] . Galactic cosmic ray ionization is not currently included in WACCM.
WACCM-D
WACCM-D is a variant of the Whole Atmosphere Community Climate Model, which incorporates a set of D-region ion chemistry with the aim to produce the observed effects of EPP in the mesosphere and stratosphere. In the following, we describe the new features of WACCM-D. The original WACCM 5-ion chemistry, including the photoionization and auroral ionization processes, are unchanged, included in WACCM-D, and described in detail in Marsh et al. [2007] .
Initial Production of Ions and Neutrals
For the SPE modeling, the WACCM method of parameterized HO x and NO x production was replaced by initial production rates of ions and neutrals due to particle impact ionization, dissociative ionization, and secondary electron dissociation. These are calculated from the total ion pair production rate as shown in Table  1 , based on the work of Porter et al. [1976] , Zipf et al. [1980] , and Rusch et al. [1981] . It should be noted that the initial production rates given in Table 1 were calculated for the homosphere, i.e., assuming a fixed N 2 /O 2 ratio and neglecting direct ionization of atomic oxygen [Sinnhuber et al., 2012, section 2.2 .1]. However, the bulk of SPE ionization is at altitudes below 90 km where they are valid.
Ions and Ionic Reactions
We emphasize that the D-region ion chemistry is not included in WACCM-D as a separate module, but the new ions and reactions are simply added to the standard WACCM chemistry scheme. This approach is straightforward and benefits from the optimized, validated ODE chemistry solver of WACCM [Sandu et al., 1996] . The solver is able to handle the ions as ''normal'' species without numerical problems, despite some ions having very short lifetimes and making the chemical system stiffer.
The WACCM-D ion reaction schemes are based on those from the SIC model, although a considerable number of ions and reactions have been excluded (see Table 2 for detailed numbers). Included are the ions and reaction paths that are essential to represent the effects on the HO x and NO y neutral species during EPP forcing, the selection is based on the detailed analysis by Verronen and Lehmann [2013] . For example, the reaction paths leading to H 1 ðH 2 OÞ n and NO 2 3 ðHNO 3 Þ n type ions (here n is the The ion-electron and ion-ion recombination (IIR) reactions are not shown in Figures 1 and 2 , although they are included in the total of 307 WACCM-D ionic reactions. The complete number of IIR reactions for the SIC ion set would have been 2254 (there is both a two-body and a three-body reaction for each positive-negative ion pair).
To reduce this number, IIR was included only for the most abundant terminal ions (7 positive, 16 negative for the two-body recombination, 2 positive and 7 negative for three-body recombination), as listed in the Appendix A, and not considered for the other ions. Note that the neutral products of some of the IIR reactions are not known from the scientific literature [Verronen and Lehmann, 2013] . In those cases, an educated guess is used to complete the reactions. However, the products of the most important IIR reactions are known. Also, the uncertainty about those of the other IIR reactions should have no significant direct effects on ion composition because neutral species are produced. In principle, neglecting IIR loss for some ions in WACCM-D could lead to problems such as accumulation of charge. However, these ions do not live forever in the model, they are simply converted to the terminal ions that are then lost through IIR. Finally, any inaccuracy caused by this approach will be included in the total differences between WACCM-D and SIC (the differences are presented in section 6).
The D-region ion chemistry is included in WACCM-D over its whole altitude range, technically in the same way as all other chemistry. However, as will be shown in the following sections, positive cluster ions and The reaction rate coefficients for the WACCM-D ion chemistry are mostly from the SIC model, with the original references given in the Appendix A. Note, however, that we kept the reactions and rate coefficients of the standard WACCM 5-ion scheme [see Roble, 1995, for its description], i.e., no updates based on SIC chemistry were made.
In later sections, we will show that the WACCM-D set of ions and their reactions, which we selected based on the detailed analysis by Verronen and Lehmann [2013] , can well produce the concentrations of ionic species at 20-90 km for both high-ionization (polar, EPP) and low-ionization (e.g., midlatitudes) conditions. In a companion paper (Andersson et al., submitted manuscript, 2016), we demonstrate that the modeling of neutral species during SPE events can be considerably improved with WACCM-D (compared to standard WACCM). As an addition confirmation, a formal reduction of SIC ionic species using the Simulation Error Minimization Connectivity (SEM-CM) method [Nagy and Turanyi, 2009] has been carried out (T. Kov acs et al., D region ion-neutral coupled chemistry within a whole atmosphere chemistry-climate model, submitted to Geoscientific Model Development Discussion, 2016). This method identifies the ionic species and ion-molecule reactions which need to be included in order to achieve agreement, within a chosen tolerance (set to 5% between 60 and 90 km), with the full SIC model for a set of defined important species. Although this reduction method is not applied to all SIC ionic reactions (most notably the large group of ion-ion recombination reactions has not been analyzed), the reduced set of ions and reactions is very similar to the one presented here for WACCM-D.
Modeling

Ionization Scenarios
We selected the period of January 2005 for modeling and comparisons between WACCM-D and SIC. The ionization scenarios, listed in Table 3 , represent realistic conditions for geographic latitudes of 408N and 708N. Examples of ionization rates used are shown in Figure 3 . A large SPE affected the atmosphere in the 
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Our version of WACCM-D (or WACCM) does not include ionization by GCR, the sole constant source of ionization at altitudes below about 65 km at low and middle latitudes. Thus, except for the SPE-affected polar regions, the results from WACCM-D in the lower middle atmosphere would not be realistic. Although comparison with SIC (after switching off GCR) would in principle be possible, we found that the models cannot handle unrealistic conditions of zero ionization (not shown). For this reason, GCR is included as a fixed altitude profile (i.e., the ionization rate varies with altitude but not in time), as shown in Figure 3 (middle). The same altitude profile was used in both SIC and WACCM-D, by adding the GCR ionization rates to those of the SPE. This is a reasonable approach which helps us to avoid problems caused by zero ionization outside polar latitudes.
Note that we include GCR in this simplified manner for purposes of our model-model comparison only. Notably, our GCR input includes no latitudinal dependence. However, for the purpose of our paper, it is more important to force WACCM-D and SIC with the same GCR than to describe the relatively small latitudinal variability correctly. Very recently, a proper GCR scheme has become available for WACCM [Jackman et al., 2015] , and it will be implemented in WACCM-D in the near future.
Simulations
WACCM-D, driven by GEOS5.1 meteorology, was run for the time period 1-31 January 2005. SPE and GCR ionization rates were applied at geomagnetic latitudes >60 and globally, respectively. Output was written every hour, instantaneously. Note that the addition of 292 D-region ion reactions (to the original WACCM 5-ion scheme of 15 reactions, making a total of 307 reactions) resulted in about 100% increase in computing time (WACCM-D compared to WACCM).
As an example of WACCM-D output, Figure 4 shows the global electron concentration on 17 January (midnight UT) at 69 and 87 km altitude. Due to strong SPE ionization, the polar latitudes above 608 (geomagnetic) show largest amounts of electrons. At lower latitudes, a clear diurnal variability is seen due to solar EUV radiation which increases the electron concentration during daytime, while at night, GCR is the dominant ionization source. In the Northern Hemisphere at 69 km, the sunlit region influenced by SPE (at 1208-2708 longitude, 508N-758N latitude) has a larger electron concentration compared to nighttime SPE regions due to solar radiation affecting the balance between electrons and negative ions at altitudes below about 80 km [e.g., Verronen et al., 2006b ]. At 87 km, an interesting feature in the mid and low latitudes is the decrease around sunset which does not fully reflect the fast decrease in EUV ionization (like sunrise does) but shows a more gradual change which seems to be influenced by atmospheric dynamics.
The SIC simulations were done for the time period of 14-20 January 2005, at two geographical latitudes: 408N and 708N. The longitude of the simulations was set to 08E. In the beginning of each scenario simulation, all SIC ion concentrations were set to zero (i.e., to very different values compared to the ''truth''). To enforce similar ionization and atmospheric conditions for the scenarios, SIC used WACCM-D output data as input as follows:
1. WACCM-D data at full hours from longitude 08E were used in SIC from half-to 15-past of each hour (SIC was run with a 15 min time step). For example, SIC output for 11:30, 11:45, 12:00, and 12:15 UT used WACCM-D output at 12:00 UT. 2. All WACCM-D data profiles were interpolated from pressure levels to the SIC 1 km altitude grid using geometric altitudes calculated from WACCM-D geopotential heights. 3. WACCM-D data used: temperature, N 2 O, NO, NO 2 , NO 3 , HNO 3 , N 2 O 5 , H 2 O, CO 2 , H, H 2 , HCl, Cl, ClO, CH 4 , N 2 O, CO, CH 2 O, and O. These include the long-lived species and chlorine species which SIC considers as static background only. Note that concentrations of NO y species are solved by SIC, but in the current study, we set them to WACCM-D values at each time step and all altitudes because of (1) the importance of NO for D-region ionization by Lyman-a radiation and (2) the potentially large discrepancies between the models below 40 km that could lead to differences in the ion composition. Also H and O are solved by SIC, but here we used concentrations from WACCM-D because above 80 km these two species have relatively long chemical lifetimes and are subject to transport in WACCM-D. 4. WACCM-D EUV/soft X-ray ionization rates used: O, O 2 , N 2 , and NO. WACCM-D SPE ionization rates, i.e., C.
H. Jackman's daily values. GCR as in WACCM-D.
It is important to note that WACCM-D and SIC are separate models. The neutral species and ionization rates from WACCM-D were used in the SIC calculations (instead of those SIC would calculate) to keep the models as similar as possible in this respect, thus minimizing their effects on the comparison. The differences in ion composition caused by different sets of ions and ion chemistry in WACCM-D and SIC remain and are better assessed with this approach.
Comparison
In the following (section 6), we present results from WACCM-D and compare the concentrations of species to those from SIC. We concentrate on the D-region ionosphere only, i.e., below 90 km. There are some clear differences between the models at altitudes above, but we did not pursue to discuss or solve these as this is outside the scope of this paper. Comparison is done for full UT hours between 15 and 20 January, i.e., there were altogether 144 temporal comparison points. Note that because of the zero starting values for ions in SIC and the resulting model spin-up, we excluded 14 January from the comparison as it takes about 1 day for SIC to ''catch up.'' For statistical comparisons of the concentrations, we calculated the following: (a) mean altitude profiles, (b) WACCM-D relative bias (5 100 3 mean(WACCM-D 2 SIC)/mean(SIC)), and (c) standard deviation of the bias. These were calculated separately for daytime and nighttime, to reveal diurnal differences. We begin the comparison with electron concentrations and the sums of positive and negative ions. This is useful for looking at the overall ionospheric behavior. We then proceed to selected groups of ions, concentrating on those that are important when modeling effects of particle precipitation on minor neutral composition. The definitions of the ion groups are given in the Appendix A.
We excluded the sunrise/sunset times from the comparison because the models handle the solar flux scaling of reaction rate coefficients differently. Scaling is needed for a number of ionic reactions that are most important below 80 km and require solar radiation [Verronen et al., 2006b ]: positive ion photodissociation (PPI), photodetachment of electrons from negative ions (EPN), and negative ion photodissociation (PNI) reactions. In WACCM-D, the scaling is simply an on/off (or 1/0) switch between day and night, the daytime/ 
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nighttime value being applied at solar zenith angles smaller/larger than 978. In SIC, the scaling is done based on the calculated amount of solar radiation available at each altitude, relative to midlatitude noon amount, which below 80 km leads to a smoother transition between day and night compared to WACCM-D.
Another notable difference between the models is the transport (advection) in WACCM-D but not in SIC (1-D SIC only represents vertical diffusion). All species are transported in WACCM-D, including the ions. The ions in general have relatively short chemical lifetimes, compared to dynamical lifetimes, so transport should not have much direct influence on the ions or the model-model comparison. In fact, in later versions of WACCM/WACCM-D, which will have the ability to switch off advection for selected species, the computing time could be reduced by switching off the transport for the ions. Note, however, that although the ions are not much affected by transport, an indirect effect could be important through transport of neutral species that participate in ionic reactions. Figure 5 shows the electron concentration and the sums of positive and negative ions for Scenario SC1 (described in Table 3 ). Overall, the WACCM-D results are very similar to those from SIC, and important features of the lower ionosphere are clear and well presented: (1) diurnal variation of electron concentration due to EUV ionization above about 65 km, and (2) gradual transition from electrons to negative ions with decreasing altitude, and (3) domination of negative ions over electrons below about 65 km and 80 km at day and night, respectively. Because the GCR ionization does not have diurnal variability, the lower altitudes show more or less constant concentrations throughout the modeling period. As expected, the negative ion concentration is very small above about 80 km because electron attachment to neutral species, causing production of initial negative ions, depends on total atmospheric density and thus its rate slows down with increasing altitude. The mean concentration profiles from SIC and WACCM-D, together with WACCM-D bias, are presented for daytime in Figure 6 . The daytime mean profiles are very close to each other, and the bias is generally within 610% and in many cases not more than just a few percent. In contrast, there is a larger 
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bias of electrons and negative ions below 40 km and above 75 km, respectively. However, these are altitude regions where the proportion of electrons and ions, respectively, is small relative to the total negative charge (<5%). In absolute concentrations (not shown), the differences seen at these altitudes are small. Electron concentration has a positive bias of about 70% in a narrow region around 65 km, coinciding with a strong altitude gradient in photoionization and electron concentration as seen in Figures 3 and 5 , so the differences in altitude resolution between the models and related uncertainties are likely contributing to the bias.
The comparison is nearly as good for nighttime, as shown in Figure 7 , except that above 80 km the electron and positive ion bias is about 40-70%. Looking again at these species in Figure 5 , the diurnal variability at the upper altitudes is very similar in the two models. Compared to daytime, absence of solar EUV radiation leads to decrease in ionic concentrations by several orders of magnitude at night. However, the relaxation to nighttime values seems to be faster in SIC than in WACCM-D so that the SIC concentrations are clearly smaller just before sunrise. The gradual increase in the WACCM-D bias is reflected in the standard deviation, i.e., it is much larger than in the daytime (Figure 6 ). Since the ionization rate (i.e., production of electron-ion pairs) is the same in the two models, it seems that the differences could be related to the recombination (causing the loss electrons and ions) which is simplified in WACCM-D. However, as shown in Figure 4 (top), the WACCM-D electron (and ion, not shown) concentration also reflects the turbulent dynamics especially around sunset (2108-3308 longitude), which seems to delay the relaxation. Obviously, such dynamics cannot be represented in 1-D SIC, which likely explains why it shows a more rapid relaxation for SC1 (408N). Figure 8 shows the electron concentration and the sums of positive and negative ions for Scenario SC2. Compared to SC1 (Figure 5 ), the SPE ionization enhances the electron and ion concentrations by several orders of magnitude. Due to the strong forcing, the diurnal variation between high-electron (daytime) and high-negative-ion (nighttime) concentration is seen more clearly at 50-80 km. Again, the concentrations from WACCM-D are comparable to those from SIC, both the altitude and temporal variations are generally 
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well captured. For these species, nighttime WACCM-D bias for SC2 (not shown) is generally smaller than for SC1 (Figure 7) , and especially so at altitudes above 75 km where it is within 20%.
Since the aim of WACCM-D development is to represent the changes in neutral species during EPP, it is interesting to compare the groups of ions that are important in that context. Figure 9 shows the SC2 sum of concentration for three groups: H 1 ðH 2 OÞ n ; NO 2 3 ðHNO 3 Þ n , and Cl 2 ðXÞ (for ion group definitions, see the Appendix A1). The first two are important because their formation and recombination is part of many reaction sequences that produce HO x from water vapor and nitric acid from NO x [Verronen and Lehmann, 2013] . Comparison with total ion sums ( Figure 8) indicates that H 1 ðH 2 OÞ n and NO 2 3 ðHNO 3 Þ n are a substantial part of the total charge below 80 km, while Cl 2 ðXÞ is abundant especially at 40-65 km during daytime. The concentration of H 1 ðH 2 OÞ n is small above 80 km because the rapidly declining amount of H 2 O restricts the formation of water cluster ions. The concentrations and thus the proportions of these groups are quite similar in the two models. However, there are also small differences. For example, the sunset/sunrise transitions are sharper in WACCM-D due to differences in the solar flux scaling of some ionic reactions (e.g., photodetachment reactions). Overall, there are more differences in these ion groups than there is in the total ion sums. This is natural because the overall charge content is basically the balance between ionization and recombination, while the ion composition is also affected by the different sets of ions and reactions in the models. Figure 10 shows a nighttime statistical comparison of the same ion groups. For Cl 2 ðXÞ, the altitude behavior of the mean profiles is similar but there are large differences in absolute concentrations. The WACCM-D bias is generally within 640% (although significantly larger around 35-40 km), despite the Cl 2 ðXÞ concentration being less than 5% of the total negative charge at most altitudes. Note that during periods when Cl 2 ðXÞ is more abundant the differences become smaller below 65 km (Figure 9 , right), and similar improvement is seen for SC1 as well (not shown). For H 1 ðH 2 OÞ n and NO 2 3 ðHNO 3 Þ n , the agreement is very good below 70 km. At 70-80 km, there is a positive WACCM-D bias reaching 50% and 40% at 75 km, respectively, coinciding with strong gradients in their concentrations. Nevertheless, the altitude behavior of the mean profiles of these ions is clearly very similar. 
Conclusions
We have presented WACCM-D, a variation of the Whole Atmosphere Community Climate Model including a selected set of D-region ion chemistry. The purpose of WACCM-D is to better reproduce the neutral atmospheric effects caused by EPP in the polar regions.
We have shown that WACCM-D produces the main characteristics of the D-region ionosphere, as well as the overall proportion of different ion groups. Comparison to the SIC model, which includes a much more extensive set of ion chemistry, indicates good agreement between the models. Below 70 km, WACCM-D bias is generally within 610% or less, except in cases where the ion group in question has a relatively small concentration (compared to the total charge content) at certain altitudes. At 70-90 km, when strong altitude gradients in ionization rates and ion concentrations are seen, the bias is typically larger and can reach several tens of percent for some ion groups (up to 50%). At these altitudes, turbulent dynamics in the global WACCM-D model seem to affect the ion concentrations indirectly (through neutral species participating in ionic reactions) especially around sunset times, which could contribute to the nighttime bias in some cases because these effects cannot be reproduced in 1-D SIC.
The comparison between WACCM-D and SIC is not perfect, nor should it be because the models are by nature very different (3-D WACCM-D compared to 1-D SIC) and there are significant differences in ion chemistry. For example, there is a much larger ion chemistry scheme in SIC and solar flux scaling of the photodetachment reactions is handled differently. However, based on the good agreement overall and the fact that part of the differences are caused by different model setups (e.g., altitude resolution, transport processes), WACCM-D now provides a state-of-the-art representation of D-region ion chemistry globally in 3-D and is therefore expected to improve the EPP modeling considerably. In the companion paper (Andersson et al., submitted manuscript, 2016) , this is demonstrated in the case of the SPE of January 2005. 
